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LDA simulations of pressure-induced anomalies inc/a and electric-field gradients for Zn and Cd
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We present results ofab initio simulations of the effect of hydrostatic pressure on the electronic structure,
lattice parameters, and electric-field gradients~EFG! for hcp Zn and Cd using the full-potential linear muffin-
tin orbital method in conjunction with the new Perdew-Burke-Ernzerhof generalized gradient approximation
~GGA! to the density functional for exchange correlation. Theoretical equilibrium volumes for Zn and Cd are
found to be in excellent agreement with experiment~whereas non-GGA corrected local density approximation
underestimates them by as much as 10%!. We find an anomaly in the pressure dependence ofc/a at reduced
unit cell volumes~at V/V0.0.89 for Zn and in a broad region fromV/V050.92 to 0.85 for Cd! and a similar
anomaly in the EFG tensor. At the same time we do not find the electronic topological transition due to the
destruction of a giant Kohn anomaly which was previously thought to be responsible for the lattice anomalies
in Zn. @S0163-1829~97!02035-3#
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I. INTRODUCTION

Understanding the structural and electronic properties
hexagonal-close-packed~hcp! Zn and Cd is of fundamenta
importance. The fact that these metals have unusually la
c/a ratios~1.856 for Zn and 1.886 for Cd! in comparison to
the ideal value ofA8/3'1.633 makes them unique in th
family of hcp metals. Largec/a ratios make many of thei
solid-state properties highly anisotropic and so have b
extensively studied both experimentally1–6 and
theoretically.7–11. Although the electronic and lattice prope
ties of Zn and Cd have been studied for many years, re
publications on Zn by Takemura12 on high-pressure powde
x-ray diffraction experiments~at room temperature! and Pot-
zel et al.13,14 on 67Zn Mössbauer studies~at 4.2 K! have
renewed interest in these metals, and seem to resolve
question on the anomalous lattice properties of Zn un
hydrostatic pressure. The earlier studies by Lynch a
Drickamer15 which found a nonmonotonic pressure depe
dence of thec/a ratio in Zn and Cd are contradicted by mo
recent results by Schluteet al.16 where c/a did not show
such a behavior. Takemura has shown12 that the volume de-
pendence ofc/a in Zn changes its slope atV/V050.893
(P59.1 GPa!, while Potzelet al.13 found a drastic drop~by
a factor of 2! of the Lamb-Mössbauer factor indicating
drastic softening of low-frequency acoustic and opti
phonons atV/V0'0.915 (P56.6 GPa!. A change in the cur-
vature of the electric-field gradient~EFG! dependence on
pressure was also observed.13,14

From theoretical studies, it is quite clear that the el
tronic structure of Zn plays a critical role in these pheno
ena. As shown by Bodenstedtet al.,17 the largec/a ratio in
Zn and the consequent anisotropic lattice properties
560163-1829/97/56~12!/7206~9!/$10.00
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caused by the asymmetric charge distribution of thep elec-
trons. As a result, the Fermi surface of Zn~and its isoelec-
tronic counterpart Cd! differs from that of normal hcp
metals—a difference that gives rise to the so-called gi
Kohn anomaly. When the Fermi level lies in the energy g
corresponding to a certain reciprocal-lattice vectorG, so that
2kF5uGu is satisfied, a giant Kohn anomaly appears atq'0,
i.e., in the long-wavelength region. This anomaly can s
stantially affect low-energy acoustic phonons, i.e., produ
abrupt changes of phonon frequencies at wave vectors w
are related to extremal dimensions of the Fermi surfac18

The giant Kohn anomaly in Cd was observed in an inela
neutron scattering experiment by Chernyshovet al.19 Recent
linearized augmented plane-wave calculations,13,14 per-
formed at several experimental lattice parameters with
complete structure optimization, suggest that a collapse
the giant Kohn anomaly induced by pressure is respons
for phonon softening atV/V0'0.915 and possibly also o
the anomalous behavior of thec/a ratio. Unfortunately, no
complete theoretical analysis of the lattice behavior of
under pressure exists so far. An earlier linear muffin-tin
bital method ~LMTO! calculation10 of the volume depen-
dence of the axial ratio for Zn seems to reproduce
anomaly aroundV/V050.92, but this could be questionab
because of~i! the use of the atomic-sphere approximati
~ASA! and ~ii ! the use of adjusted correction terms so as
reproduce the experimental value at atmospheric pressu

The main reason behind the lack of lattice parameter
terminations from ‘‘first principles’’ was most probably11 the
failure of the local density approximation~LDA ! to repro-
duce the correct equilibrium volume of hcp Zn and Cd
zero pressure. The error in the equilibrium volume can be
large as 10% inV/V0, depending on the type of exchang
7206 © 1997 The American Physical Society



a

to
th
he

th
ia
or
n

lib
he
en
.

f
vo
s
-
th
t

F
ia
al’

-
a

ce
o
n

n
i
b

a
m
ne
sp
t

ec
c
th
-

as
ls

l-

nd
tu

O

i-
ia
b

cal-
n

P-
e
he
-

asis

uld
the
d

e
l-

bed
re
elf-

in

the
by
al-

c-
Zn
ed
be
e
in

he
IC
1,
at
s
be-
nd
m

Zn
nd-
ints

56 7207LDA SIMULATIONS OF PRESSURE-INDUCED . . .
correlation potential used.11 This was also found by
earlier20,21 calculations, and these further reproduced
anomaly inc/a near1.73, but not exactly atA3. The analy-
sis of the calculations could not relate the anomaly to a
pological effect in the band structure at a specific point in
Brillouin zone. This is in agreement with the results of t
present work presented and discussed below.

Clearly, ab initio full-potential simulations of the lattice
behavior in Zn and Cd with pressure are needed. In
paper, we report results of the LDA based full-potent
LMTO simulation of the lattice and electronic properties f
hcp Zn and Cd. In Sec. II we present results of differe
approaches to overcome the LDA induced errors in equi
rium volume determinations. We show that exploiting t
new Perdew-Burke-Ernzerhof generalized gradi
approximation22 ~PBE-GGA! corrects the problem. In Sec
III we discuss results ofab initio simulations of the effects o
hydrostatic pressure on the lattice parameters, unit cell
ume, bulk moduli, volume and uniaxial compressibilitie
and electric-field gradient~EFG! tensor and electronic struc
ture for hcp Zn and Cd. We show that at reduced volume,
anomaly in the c/a ratio does exist and occurs a
V/V050.89 for Zn and over a range,V/V050.92 to 0.85 for
Cd. We also find that the volume dependence of the E
tensor for Zn and Cd is very similar to the one for the ax
ratio and also exhibits the anomalies at the same ‘‘critic
volumes. Moreover, we find a certainV/V0 interval where
the total-energy curve versusc/a shows a double-well struc
ture with an extremely small energy barrier that yields
uncertainty in the determination of the equilibrium latti
parameter, which we connect with the possibility of a sort
disorder in the system. On the other hand, our results do
confirm the idea13,14 that the electronic topological transitio
~ETT! caused by the destruction of a giant Kohn anomaly
the driving force for the lattice and phonon anomalies o
served in Ref. 12.

II. CHOICE OF COMPUTATIONAL TECHNIQUE

As we mentioned in the Introduction, the convention
LDA approach fails to reproduce correctly the equilibriu
volume for hcp Zn and Cd. This is very unfortunate, if o
wants to study the lattice properties of these metals, e
cially under hydrostatic pressure. In order to find out how
improve the LDA results we have examined different corr
tions to the LDA and we have applied different band stru
ture methods. The latter are various implementations of
linear methods.23,24Accurate predictions of structural param
eters cannot be made if shape approximations are made
the ASA that employs spherically symmetrized potentia
Full-potential ~FP! implementations, such as the ful
potential linear augmented plane-wave~FLAPW! ~Ref. 25!
or the FP-LMTO~Ref. 26! schemes are needed.

In order to compare different energy functionals a
methods of calculation, we examine the zero-tempera
isotherm~pressure-volume,P-V relation! for Zn. First, we
used conventional LDA and applied the FP-LMT
method.26 The calculatedP-V relation differs substantially
from experiment12,27 as can be seen from Fig. 1. The equ
librium volume is 10–11 % too small indicating a substant
overbinding. We first examined whether this error could
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caused by numerical inaccuracies in the band-structure
culations or from application of a too small basis set. A
independent LMTO-ASA calculation~dotted curve in Fig. 1!
gives essentially the same equilibrium volume as the F
LMTO volume ~open triangles!, but the pressure rises mor
rapidly with lattice compression. This difference is due to t
use of ASA. Another FP-LMTO calculation using a com
pletely different computer code28 gave results that agree with
those represented by the open triangles when a similar b
set was applied.

One might suspect that an extension of the basis set co
affect the calculated energies. Especially in a case like
present one where the 3d states must be included as ban
states, a simultaneous inclusion of 4d in the basis~in the
same energy panel! could be important. By expanding th
basis we only found a small change in the equilibrium vo
ume ~less than 0.5%). Consequently, the error was ascri
to the LDA, and several ways of correcting for this we
examined. The dashed curve in Fig. 1 represents the s
interaction corrected LMTO-ASA~SIC-LMTO-ASA! ~Refs.
29,30! results. The theoretical equilibrium volume is now
perfect agreement with experiment. The fact that theP-V
relation is too steep is due to the ASA; the dashed and
dotted curves in Fig. 1 are parallel. The calculations given
the diamonds and labeled FP-LMTO-GGA include gener
ized gradient corrections.31 Also the GGA yield an equilib-
rium volume that agrees with experiment.

In order to understand the impact of GGA on the ele
tronic band structure we compared the energy bands of
along several high-symmetry directions in the BZ calculat
with and without the GGA corrections and found them to
practically identical. Therefore the GGA corrections to th
P-V relation in this case are exclusively due to changes
the Coulomb interactions in the total-energy functional. T
correction mechanism is then different from that of the S
or from that represented by the filled triangles in Fig.
which is a standard LDA calculation except for the fact th
the Zn-3d states were shifted down by 2 eV in all iteration
towards self-consistency. This reduces the hybridization
tween the 3d states and the remaining valence states, a
thus the overbinding is reduced. The resulting equilibribriu

FIG. 1. The zero-temperature pressure-volume relation for
calculated by using various energy functionals and different ba
structure methods as described in the text. Experimental po
~open circles! are from Takemura~Ref. 12!.
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7208 56D. L. NOVIKOV et al.
volume is only 1% smaller than observed.
The calculations in Fig. 1 described so far were all p

formed for a fixedc/a ratio. Now, consider the black dot
connected by the full-line curve in Fig. 1 which are the r
sults obtained when the above-mentioned downshift is
plied and the c/a ratio is optimized at each volume simulta
neously via total-energy calculations. Among tho
discussed here, the results of this calculation agree best
experiments in the pressure range 0–400 kbar. At hig
pressures, the experiments gradually approach the stan
LDA results. This means that the downshift of the 3d states
should be reduced as the compression widens the bands.
is not surprising. The downshifting of the rather localizedd
states described here is similar to the method used to ca
late the pressure-induced structural transformations of tin32

As seen, SIC, GGA, and downshifting of the 3d states
~being completely different approaches! all result in an im-
provement of the conventional LDA picture. The underlyi
physics is, to our understanding, the following: The conv
tional LDA approach fails to describe properly the localiz
tion of d states which are fully occupied in Zn. Indeed, t
underestimation of their localization yields an increasedd-p
hybridization and thus an additional positive contribution
the pressure, which contracts the lattice. It is most proba
connected with a poor description of the on-site Coulo
potential for these fully occupied states. While SIC resolv
the problem in the most rigorous way, it is not surprising th
the downshifting of thed states also works well. Both o
these corrections result in an increase ofd-state localization
which reduces thed-p hybridization and in turn corrects th
d-state contribution to the energy of chemical bonding. It
worthwhile noting that the LDA1U approach~see, for ex-
ample, Ref. 33! should also work well for the system con
sidered. Since the~rather localized! 3d states are all below
the Fermi level this approach will mainly shift these down
energy, and the LDA1U will be reminiscent of the simple
downshift method.32 It was a matter of convenience for us
choose which technique to use in our investigations. We
cided to use the FP-LMTO method,26,34 which we have suc-
cessfully used for simulating the effects of pressure on
lattice dynamics of high-temperature superconductors,35–37

combined with the generalized gradient approximation.
this end we implemented the newest, to our knowled
‘‘simple’’ version of the GGA to the local density functiona
by Perdew, Burke, and Ernzerhof~PBE-GGA! ~Ref. 22!

FIG. 2. FP-LMTO total energy as a function of volume for h
Zn and Cd withc/a optimized for each volume~point shown!. The
insets show the total-energy curves around their minima.
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within the framework of the FP-LMTO method.26,34

In order to test the new correction, we calculated the eq
librium volume parameters and bulk moduli for 3d, 4d, and
5d transition metals.38 The PBE-GGA scheme contains a
intrinsic uncertainty in a coefficientk @Eq. ~14! in Ref. 22#,
which is derived from an inequality relation that gives som
degree of freedom in choosing its value. Physically,k re-
flects the degree of localization of the exchange-correla
hole. We found that the originally proposed22 value of 0.804
works well for all nonmagnetic 3d transition metals. How-
ever, it should be considerably decreased in order to ob
lattice parameters for 4d and 5d metals in agreement with
experiment. This is in line with the suggestions from t
original PBE paper22 and obviously reflects the fact that th
exchange-correlation hole gets more diffuse for heavier
ments. It also stresses the need for finding universal rela
betweenk and the charge density gradient,¹2n/(2kF)2.
Since the value of 0.5 was found to be appropriate ford
metals, we used it for hcp Cd. This stresses again that
degree ofd-electron localization is of crucial importance fo
getting correct structures for Zn and Cd.

As regards other parameters in our FP-LMTO calcu
tions, we used the triple-k basis set~herek5AE is an en-
ergy of Hankel and Bessel functions, not to be confused w
the k in the PBE-GGA scheme referred to above!, with the
maximum angular momentuml max<3 for the first, l max<2
for the second, andl max<1 for the third energy channe
(k2520.01,21.0, and22.3 Ry!. The basis set was forme
from 3s23p63d104s1,4p0,4f 0 for Zn and 4s24p64d105s1,
5p0,4f 0 orbitals for Cd with ‘‘semicore’’ Zn 3s23p6 and Cd
4s24p6 orbitals treated as localized orbitals34 in the spirit of
Singh.39 The calculations were performed in a spin-restrict
scalar-relativistic mode. No spin-orbit coupling was tak
into account. We used muffin-tin radii of 2.45 a.u. for Zn a
2.75 a.u. for Cd at their experimental lattice parameters,
spectively, which were then scaled in the pressure simula
according to the unit cell volume changes. The charge d
sity was calculated in the muffin-tin spheres for angular m
mentum components up tol max57. The samel cutoff was
used when interpolating the charge density in the interst
region over Hankel functions with energies of21 and23
Ry. We found the results to depend critically on the numb
of samplingk points. Only starting from 12 000k points in
the full Brillouin zone can one obtain reliable results for bo
the lattice parameters and the electric-field gradient ten
This fact was pointed out also in earlier studies.8,13 To ensure

FIG. 3. The calculated pressure-volume relationship~solid lines!
and experimental data~open triangles! by Takemura for hcp Zn and
Cd ~Refs. 12, 27, and 40!. The insets show the data in the lo
pressure region where the calculated data is shown as solid cir
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56 7209LDA SIMULATIONS OF PRESSURE-INDUCED . . .
reliability of our results we used 24 000k points in the full
Brillouin zone ~BZ!.

In order to find the equilibrium lattice parameters, w
calculated the total energy of hcp Zn and Cd for a wide ra
of c/a values for the unit cell volumes starting from
V/V051.04 (V0 is the experimental unit cell volume! to 0.6
in steps of 0.01 and reducing them to 0.005 in a volu
range where thec/a anomaly takes place. We have to no
also that the use of atomic forces in conjunction with t
usual minimization algorithms to find equilibriumc/a for a
particular unit cell volume was impossible, since the tot
energy dependence onc/a shows a double well structure i
the region of the anomaly. Finally, the Brillouin zone int
grations were performed using a weighted sum integra
with a smearing parameter of 2 mRy.

III. RESULTS AND DISCUSSION

A. Equation of state and bulk moduli for hcp Zn and Cd

In order to check the quality of our simulations, we ca
culated the equation of state,V(P), the volume compress
ibility, and bulk modulus as a function of hydrostatic pre
sure for Zn and Cd. Figure 2 shows the total-ene
dependence on volume (V/V0) for Zn and Cd for the whole
range of volumes considered and the insets presentE(V/V0)
dependencies in a region around their minima. Each p

FIG. 4. Dependence of the volume compressibility (Kv) on
pressure for hcp Zn and Cd.

FIG. 5. Dependence of the bulk modulus (B) on pressure for
hcp Zn and Cd.
e
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represents a result of a (c/a) total-energy optimization for a
particular volume. From this we then calculated the equatio
of state,V(P), for both metals~cf. Fig. 3!. The pressure was
estimated as a total-energy derivative@P52]E(V)/]V#,
and was calculated analytically from a sixth-order polyno
mial fit to the total-energy results. A comparision with the
experimental results by Takemura for Zn12,27 and Cd~Ref.
40! shows excellent agreement of the theory for low pres
sures, while for higher pressures one can see an increas
deviation of our theoretical curves from experiment. It would
appear that a similar overestimation of the pressures at sm
volumes was already seen~in Fig. 1! for all computational
techniques used to obtain the correct equilibrium volume fo
Zn in Sec. II. Although, the 3d-downshift correction, if used,
should in fact be reduced as the bandwidth is increased d
to the compression, and at very small volumes this calcul
tion would approach the LDA result. As mentioned earlier
the experiments also seem to agree with this. The SIC m
also exhibit such behavior. It remains to be investigate
whether a similar reduction of localization may be reflecte
in a reduction of the parameterk in the PBE-GGA that is
sufficient to bring the high pressure results closer to expe
ment. The theoretical pressure dependence of the volume
Cd is also in good agreement with~i! the experimental com-
pression curve~cf. Fig. 3 of Ref. 41! derived by using the
equation of state42 and ~ii ! recent measurements.40 The the-
oretical equilibrium volumes corresponding to zero pressu
areV/V051.005 for Zn and 0.992 for Cd.

Figure 4 shows the pressure dependence of the volum
compressibility@KV52(1/V)„]V(P)/]P…# of Zn and Cd.
As seen, for a wide range of volumes~from V/V051 to 0.8!
Cd is more compressible than Zn while at high pressur

FIG. 6. The calculated~open circles! and experimental~dots!
~Refs. 12, 27, and 40! lattice parameters of hcp Zn and Cd as a
function of relative volume.

FIG. 7. The calculated lattice parameters of hcp Zn and Cd
the low pressure region.
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TABLE I. Theoretical (T50 K! and room-temperature experimental data for bulk modulus (B, GPa!, volume compressibility (KV), and
a- andc-axis compressibilities (Ka andKc) in units of GPa21.

Btheor. Bexper. KV
theor. KV

exper. Ka
theor. Ka

exper. Kc
theor. Kc

exper.

Zn 59.5 56.5~Ref. 43! 16.8 17.7~Ref. 43! 1.5 1.9~Ref. 43! 13.8 14.0~Ref. 43!
59.8 ~Ref. 44! 16.7 ~Ref. 44! 1.5 ~Ref. 3! 13.3 ~Ref. 3!
58.0 ~Ref. 12! 1.6 ~Ref. 45! 13.8 ~Ref. 45!

Cd 45.9 45.7~Ref. 43! 21.8 21.9~Ref. 43! 2.4 2.5~Ref. 43! 17.0 17.0~Ref. 43!
47.6 ~Ref. 41! 21.0 ~Ref. 41! 2.3 ~Ref. 41! 16.5 ~Ref. 41!
46.7 ~Ref. 44! 21.4 ~Ref. 44!
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~starting fromV/V050.8) their respective compressibilitie
are practically equal. Figure 5 displays the pressure dep
dence of the bulk moduli (B5KV

21) of these metals. The
bulk moduli for Zn and Cd at zero pressure were found to
in excellent agreement with experimentally measured o
~cf. Table I!. This kind of agreement between theoretical a
experimental bulk moduli is unusual since it is widely a
cepted that the LDA error in their estimation is usua
around 15–30 %.

B. Lattice parameters, c/a ratio, and axis compressibilities

Figure 6 presents the calculated dependence of thea and
c lattice parameters on the unit cell volume for Zn and
together with experimental results12,40 for the whole range of
unit cell volumes considered, while Fig. 7 shows this dep
dence in the low pressure region. The calculated pres
dependence of the lattice parameters is found to be in g
agreement with experiment. These calculations pre
anomalous volume dependences ofc as well asa in both
metals. The anomaly is somewhat more pronounced ia
than inc. This might explain why only thea-axis anomaly
was detected experimentally~cf. Fig. 4 in Ref. 12!. The cal-
culated and experimental pressure dependence ofc/a for Zn
and Cd is plotted in Fig. 8. As seen, the calculations con
tently overestimatec/a at higher pressures for both Zn an
Cd, although the maximum discrepancy does not exceed
In the low pressure region, the theoreticalc/a values deviate
from experiment by less than 1%.

The theoretical pressure dependence ofc/a clearly shows
anomalies for both Zn and Cd. The volume at which t
anomaly takes place in Zn isV/V050.89 which corresponds
to a theoretical pressure ofP59 GPa and for Cd one can se
two kinks on the theoreticalc/a curve: the first at
V/V050.92 and a second at 0.85. Actually, one can reg
this as a single, rather broad anomaly that spans the regio
n-
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V/V0 from 0.92 to 0.85, especially if as will be discusse
later we take into account the uncertainty in thec/a deter-
mination. The consistent overestimation ofc/a at higher
pressures may appear due to several reasons:~i! From the
experimental side, there can be a nonzero pressure gra
at high pressures which may contribute to the deviation fr
hydrostatic conditions. In this case, it is very likely that thec
axis would be compressed at a faster rate and thus contri
to the decrease of thec/a ratio, since we show later in the
paper that the compressibility of thec axis is indeed much
higher than that for thea axis. ~ii ! From the theoretical side
we may guess that the GGA correction does not scale w
with volume. This possibility needs to be investigated in t
future. We have examined the effect of including spin-or
coupling: over a wide volume andc/a range the total-energy
results are not affected.

In order to demonstrate the highly anisotropic latti
properties of hcp Zn and Cd, we calculated thec- anda-axis
compressibilities. Generally, the compressibility along
given axis,a, is defined asKa52(1/a)„]a(P)/]P…. Its
dependence on relative volume was calculated analytic
from a fit to a(P) and c(P) in the low and high pressure
regions~above and below the anomaly region! and by using
numerical differentiation ofa(P) and c(P) in the anomaly
region for both Zn and Cd~cf. Fig. 9!. In the absence of
external pressure,Kc is several times greater thanKa , which
clearly displays the highly anisotropic lattice properties
these metals. The axis compressibilities decrease mono
cally when pressure is applied, withKc decreasing much
faster than Ka . Finally, at pressures correspondin
V/V050.7 they become practically equal. For both meta
both Ka andKc show nonmonotonic behavior@the pressure
derivative of a(P) and c(P) diverges or changes rapidly#
around the volume at which thec/a anomaly takes place~cf.
Fig. 8!. A comparison of the axis compressibilities (Ka and
e

FIG. 8. The calculated~open circles! and ex-
perimental~dots! ~Refs. 12, 27, and 40! change of
c/a for hcp Zn and Cd as a function of relativ
volume. Error bars indicate thec/a region where
the total energy is essentially flat~see discussion
in the text!. The insets show thec/a dependence
around the anomaly region.
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56 7211LDA SIMULATIONS OF PRESSURE-INDUCED . . .
Kc) for Zn and Cd at zero pressure with experiment is giv
in Table I and shows good agreement.

Such a peculiar dependence of the lattice parameters
pressure~in a certain pressure region! arises from a very
unusual total-energy dependence onc/a in a V/V0 interval
around the anomaly. Figure 10 shows theE(c/a) curve
~filled circles! for Zn at differentV/V0 ~the results for Cd
look similar!. The total-energy curve is parabolic in the vo
ume region fromV/V051 to 0.92~not shown in Fig. 10!,
then becomes distorted atV/V050.91 but still retains a
single, well pronounced minimum. For smaller volume

FIG. 9. The calculated axis compressibilities (Ka and Kc) of
hcp Zn and Cd as a function of relative volume.

FIG. 10. Total energy~circles! and the total density of states a
EF ~triangles! as functions ofc/a for hcp Zn at different volumes
around the anomaly region.
n

on

(V/V050.90 and 0.89!, the distortion propagates further pro
ducing a double-well shape ofE(c/a) around its minimum.
The energy barrier is extremely small~around 0.03 mRy or
4–5 K! and an accurate determination of its height is beyo
the precision of the method. At finite~even rather low! tem-
peratures, the total energy in thisc/a region appears essen
tially flat. ~But the appearance of the double-well structu
which was also found earlier,20,21 indicates that atT50 the
structural change atc/a'1.73 is a first-order transition.! The
range ofc/a values for which theE(c/a) curve is essentially
flat is quite large, about 0.03. This makes it difficult to fin
an exact minimum forE(c/a). Also, this is the reason why
we could not use the calculation of atomic forces for t
c/a optimization.

A similar shape of the total energy versusc/a was also
found for Cd for relative volumes in the range from 0.92
0.85. In this anomalous regime we took the equilibriu
c/a to be at the center of the flat~or double-well! region, and
we indicate the possible range ofc/a values by error bars in
Fig. 8. In an attempt to understand the reason for suc
specific shape of the total energy, we calculated the ene
band structure for Zn~at V/V050.90) for differentc/a val-
ues along all high-symmetry directions in the BZ, but fou
no remarkable changes in band positions that could be
sponsible for the effect. However, the total density of sta
at the Fermi level,N(EF), as a function ofc/a presented in
Fig. 10 ~filled triangles! definitely shows a local enhance
ment ofN(EF) coinciding with the center of the double wel
This local enhancement is very small~about 0.05–0.1
Ry21) and can hardly be attributed to any kind of electron
topological transition. The most probable reason for suc
peculiar total-energy dependence is a delicate balance in
in-plane and interplanar chemical bonding in the hcp str
ture. A loss in total energy caused by an in-plane latt
expansion is exactly compensated by a gain in the ene
due to the interplanar distance contraction. We speculate
the dramatic phonon softening found in Ref. 13 might
directly related to the specific~flat or double-well! shape of
the total-energy curve in the ‘‘anomaly region.’’ Moreover,
flat potential can also indicate the possibility of a pressu
induced phase disorder in the system~coexistence of hcp Zn
or Cd phases with differentc/a) which in turn could drasti-
cally affect the physical properties of these metals.

In fact, an anomalous behavior of the resistivity in Zn a
Cd under pressure was detected by Lynch15 exactly at pres-
sures corresponding to the lattice anomalies in both meta
was found that the resistivity displays a local maximum
this pressure region which can be understood from a dra
phonon softening in the anomaly region. The phonon soft
ing increases the probability of electron scattering giving r
to the resistivity. Clearly, anab initio investigation of pho-
non properties under pressure is needed.

C. Electric-field gradient

The dependence of the electric-field gradient on hyd
static pressure in hcp Zn was first measured by Potzelet al.13

and calculated14 using the FLAPW method.25 While the ex-
perimental data show a change in the slope of the pres
dependence of the main component,Vzz, of the EFG tensor
at the pressure corresponding to thec/a anomaly, the calcu-
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lations were not able to detect any such anomaly. On
other hand, if an anomaly inc/a does exist, it is very likely
to induce a corresponding anomaly inVzz. This simply fol-
lows from the results of the same authors,14 which show that
the main contribution to the decrease of the EFG in hcp
under external pressure is essentially determined by the
crease ofc/a. In order to resolve this controversy, we calc
lated the pressure dependence of EFG using our optim
c/a values for all volumes considered and for both meta

The main component was found always to be two tim
larger than theVxx and Vyy components, which in turn ar
equal due to the symmetry properties of the hcp lattice. F
ure 11 shows the pressure dependence ofVzz in Zn and Cd.
As seen, the shape of the volume dependenceVzz is very
similar to thec/a vs V/V0 curve~cf. Fig. 8! for both metals.
The anomaly inVzz exists at the sameV/V0 value as forc/a.
This contradicts the conclusions of Ref. 14 that hydrosta
pressure has little or no effect on the EFG tensor in Zn. T
experimental values ofVzz for Zn are lower than the calcu
lated ones, but the overall volume dependence ofVzz agrees
well with experiment and exhibits the slope decrease
higher pressures. Again, we note that the flatness ofE(c/a)
in the anomaly region yields a region ofc/a values with
constant energy and in turn induces a corresponding un
tainty region in the EFG tensor which is marked in Fig.
by error bars.

D. Band structure and density of states

Finally, we discuss the effects of pressure on the b
structure and its impact on such an important character
of metals as the total density of states at the Fermi le
Figure 12 shows the band structure of Zn for six differe
unit cell volumes and demonstrates that the band structur
hcp Zn changes considerably with pressure~the band struc-
ture of Cd behaves similarly!. First, note that for higher pres
sures the position of the Zn 3d states~i.e., the dense group o
bands around28 eV belowEF) shifts consistently down in
energy relatively toEF and the bands become more d
persed. Another interesting feature of the Zn band-struc
transformation with pressure is that starting fro
V/V050.75 a band gap opens in theALH plane in the BZ.

FIG. 11. Theoretical volume dependence of the main compon
Vzz of the electric-field gradient tensor for hcp Zn and Cd. Er
bars indicate the uncertanties induced by a flat total-energy re
for c/a, as discussed in the text.
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We paid special attention to the position of the band lo-
cated at theL point in the BZ since it was thought13,14 to be
responsible for all kinds of anomalies observed in hcp Zn
Indeed, if this band were to crossEF , the topology of the
Fermi surface changes since the states at pointL become
occupied. In turn, this ETT would then cause the destructio
of the giant Kohn anomaly which might in turn lead to sud-
den changes in the phonon system. However, as seen fro
Fig. 12, the band at theL point never falls belowEF even for
the highest pressures considered. Actually, we found that i
energy position depends crucially on thec/a parameter: for
smaller c/a values the band does shift belowEF , but it
becomes increasingly energetically unfavorable~i.e., the to-
tal energy increases rapidly once this band becomes occ
pied!. The fact that we found thec/a anomaly in Zn and Cd,
despite the absence of any such ETT acompanied by a d
struction of the giant Kohn anomaly, indicates that this spe
cific ETT is not responsible for the appearance of the
anomaly. Thus, our results do not confirm the view ex-
pressed in Refs. 13,14 on the nature of the lattice anomalie
in hcp Zn.

Unfortunately, we were unable to pinpoint a specific
band-structure change that might be responsible for th

nt
r
on

FIG. 12. FP-LMTO band structure along some high-symmetry
directions of hcp Zn for different relative volumes.
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anomalous lattice behavior of hcp Zn and Cd under press
It turns out to be instructive to analyze the behavior of t
total density of states at the Fermi level,N(EF), under pres-
sure, which provides a more average view on electro
structure transformations with pressure. Figure 13 prese
calculated values ofN(EF) as a function of the unit cell
volume for Zn and Cd. Normally, for an almost-free electro
metal one would expect a monotonic decrease ofN(EF) at
reduced volumes due to increased band dispersion. Howe
N(EF) for both Zn and Cd displays a local enhanceme
exactly around the volume region where the anomaly inc/a
and EFG takes place. Such localN(EF) enhancement is mos
probably the source of the anomalies studied in this pape
might be connected with a complicated Fermi surface tra
formation and related to the interplay of in-plane and inte
planar chemical interactions under pressure. Note also
the nonmonotonic behavior ofN(EF) is more pronounced in
Zn than in Cd, which might explain the fact that thec/a
anomaly in Zn is stronger than in Cd—as discussed earli

FIG. 13. Total density of states atEF for hcp Zn and Cd as a
function of relative volume.
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IV. CONCLUSIONS

Our first-principles full-potential LMTO investigations o
the electronic structure, lattice parameters, and EFG ten
for hcp Zn and Cd under hydrostatic pressure are found
reproduce correctly the experimentally found anomaly inc/a
at V/V050.89 in hcp Zn. We also predict a similar anoma
in hcp Cd forV/V050.92 which is less clearly pronounce
and might be more difficult to detect experimentally. Th
EFG tensor also exhibits an anomalous behavior at the s
V/V0 values where thec/a anomaly takes place in both me
als. Our analysis does not support the idea that an ETT
causes the destruction of the giant Kohn anomaly is prim
rily responsible for the lattice anomalies in hcp Zn and C

From the methodological point of view we showed th
the recently developed generalized gradient approximatio
the local density functional by Perdew, Burke, and Ernzerh
yields accurate equilibrium volumes and bulk moduli for h
Zn and Cd, where the pure LDA fails. Other correction me
ods that reduce thed-p hybridization by downshifting thed
states relative to their LDA energies also work well in th
respect.
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